Aging of the male reproductive system leads to changes in endocrine signaling and is frequently associated with the emergence of prostate hyperplasia and bladder dysfunctions. Recent reports highlight prostate and bladder as promising targets for therapeutic interventions with inhibitors of the cyclic GMP (cGMP)-degrading phosphodiesterase 5 (PDE5). However, the cGMP signaling system in these organs is as yet poorly characterized, and the possibility of age-related alterations has not been addressed. This study investigates key proteins of cGMP pathways in bladder, prostate, and epididymis of young (3 months) and old (23-24 months) Wistar rats. Local differences in the abundance of PDE5, soluble guanylyl cyclase (sGC) and particulate guanylyl cyclases (GC-A, GC-B), endothelial nitric oxide synthase, and cGMP-dependent protein kinase I (PRKG1 (cGKI)) revealed pronounced tissue-specific peculiarities. Although cGMP-generating enzymes were not affected by age in all organs, we recognized age-related decreases of PDE5 expression in bladder and a selective diminishment of membrane-associated PRKG1 in epididymis. In disagreement with published data, all cGMP pathway proteins including PDE5 are poorly expressed in prostate. However, prostatic PRKG1 expression increases with aging. Androgen withdrawal during temporary Leydig cell elimination induced a massive (O12-fold) upregulation of PRKG1 in prostate but not in other (penis and epididymis) androgen-dependent organs. These findings identify PRKG1 as a key androgen-sensitive signaling protein in prostate of possible importance for growth regulation. The elucidated effects may have significance for age-associated pathologies in the male lower-urinary tract.
Introduction
Signal transduction pathways using cyclic GMP (cGMP) as second messenger regulate diverse physiological functions such as smooth muscle contractility, neurotransmission, and cell growth/proliferation (Hofmann et al. 2006) . The benefit of agents that inhibit phoshodiesterase 5 (PDE5, a cGMP-degrading enzyme) for treatment of erectile dysfunction and pulmonary hypertension (Ghofrani et al. 2006) underscores the significance of cGMP signaling and indicates broad clinical potential. In most tissues, cellular accumulations of cGMP are induced by either natriuretic peptide (NP) membrane receptors with guanylyl cyclase (GC) activity (referred to as GC-A and GC-B) and/or the nontransmembrane protein soluble GC (sGC). GC-A (also known as NPR-A or NPR1) is activated by the cardiac hormones atrial NP (ANP, also known as NPPA) and B-type NP (also known as NPPB), whereas GC-B (NPR-B or NPR2) acts as specific receptor for a third peptide, C-type NP (CNP, also known as NPPC; Kuhn 2009 ). Stimulation of sGC is evoked by nitric oxide (NO) binding, and one important and widely distributed generator of NO is the enzyme endothelial NO synthase (NOS3, also known as eNOS; Alderton et al. 2001) . Accumulations of cGMP are under the control of cGMPdegrading PDEs, with PDE5 representing a crucially implicated subtype (Ghofrani et al. 2006) . Cellular effects are finally induced by cGMP target proteins. cGMPmediated activation of the cGMP-dependent protein kinase I (PRKG1) plays a pivotal role in all three physiological roles denoted above (Hofmann et al. 2006) .
Recent findings raised attention to cGMP-regulated functions and possible treatment options for PDE5 inhibitors in bladder, prostate, and epididymis (Andersson et al. 2007 , Dimitriadis et al. 2009 , Sandner et al. 2009 , Wang 2010 . Local roles for cGMP signaling comprise the regulation of muscle contractions and micturition sensations in the bladder (Persson et al. 2000 , Andersson & Arner 2004 , Sandner et al. 2009 , Caremel et al. 2010 , the relaxation of stromal smooth muscle and control of cell proliferation in the prostate (Gradini et al. 1999 , Sandner et al. 2009 , Fibbi et al. 2010 , Zenzmaier et al. 2010 , and regulation of peristalsis and secretory epithelial cell functions in the epididymis (Mewe et al. 2006 , Shum et al. 2008 . Although certain factors implicated in cGMP pathways have been demonstrated by immunohistochemical, RT-PCR, and functional approaches, the cGMP signaling system in these organs is still poorly characterized. Thus, one goal of the present investigation was to examine and substantiate the local expression of cGMPgenerating enzymes and other key components of cGMP pathways. Organs (e.g. lung and brain) where molecular and functional activities of the cGMP signaling system have been more thoroughly investigated before were co-analyzed.
Growing evidence indicates that aging can lead to changes in the expression and activity of cGMP signaling proteins with significant impact for organ functions. For example, reduced neuronal cGMP levels, mainly caused by aging-associated increases in cGMP-degrading PDEs, have been linked to impaired synaptic function and memory (Domek-Łopaciń ska & Strosznajder 2010) . Age-related alterations in cGMP pathways of functional significance have also been observed in vascular (Stice et al. 2009 ) and penile (Sampson et al. 2007) tissues. The molecular basis for the frequent development of benign prostatic hyperplasia, prostate cancer, and bladder dysfunctions in older men remains poorly understood (Love et al. 2009 , Goldstein et al. 2010 , Wang 2010 ). To facilitate detection of possible age-related changes within the cGMP signaling system, the expression of cGMP pathway proteins in bladders, prostates, and epididymides derived from either young adult (3 months old) or old (23-24 months) Wistar rats was compared. To examine androgen-dependent effects, we used an experimental model in which injection of the compound ethane dimethane sulfonate (EDS) into adult rats evokes a temporary elimination of the testosteroneproducing Leydig cell population (Molenaar et al. 1985 , Davidoff et al. 2004 .
Our investigations revealed an unexpected low abundance of all cGMP signaling proteins including PDE5 in the prostate, elucidated distinct organ-and pathway-specific age-related changes, and uncovered a hitherto unrecognized androgen-dependent suppression of PRKG1 expression in prostatic tissue.
Results

Pronounced tissue-specific expression patterns of cGMP pathway proteins
Initial studies served to characterize by western blot analyses the relative abundance in bladder, prostate, and epididymis of proteins implicated in cGMP signaling. For comparison, expression levels in three reference organs (lung, brain, and testis) were co-analyzed. Specifically, we examined the three cGMP-generating proteins GC-A, GC-B, and sGC; the NO-producing enzyme NOS3; the cGMP-degrading enzyme PDE5; and the cGMP target protein PRKG1. As the non-transmembrane proteins sGC, NOS3, PDE5, and PRKG1 may have either soluble (cytosolic) or particulate (membrane) cellular locations, and considering that the relative amount in particulate fractions is indicative of membrane-localized signaling microdomains (Takimoto et al. 2009 , Mü ller et al. 2010a ) the concentrations of these proteins were monitored in both cytosolic (C) and membrane (M) fractions.
Data obtained (Fig. 1A ) revealed marked tissue-specific characteristics. Consistent with expected features of local cGMP production in the reference organs, the lung was distinguished by highest abundance of all three (GC-A, GC-B, and sGC) cGMP-generating enzymes, the brain by a conspicuous predominance of sGC and the testis by peculiar high GC-A levels, reflecting strong expression of this receptor in seminiferous tubules (Mü ller et al. 2004) . Comparison between bladder and epididymis demonstrated higher abundance of sGC in the former and predominating levels of particulate GCs in the latter organ. Note that the size heterogeneity detectable in the case of GC-A and GC-B is explained by tissue-specific differences in glycosylation (Mü ller et al. 2002 (Mü ller et al. , 2010b . The study revealed that the urinary bladder is an outstanding expression site for NOS3, PDE5, and PRKG1, and particularly, high amounts of PDE5 and PRKG1 are membrane-associated in this tissue.
Intriguingly, the prostate was marked by extraordinarily poor expression levels of all enzymes implicated in cGMP signaling pathways (Fig. 1A, framed) . Protein staining of the blots confirmed that equal amounts of total protein were analyzed from each tissue (Supplementary Fig. 1 , see section on supplementary data given at the end of this article, demonstrates the staining of the membrane and cytosolic protein fractions employed). To visualize the (poor) expression of PDE5 in prostate and epididymis, higher amounts of protein were analyzed (Supplementary Fig. 2A , see section on supplementary data given at the end of this article). The exceptionally low expression of PRKG1 in prostate was confirmed by a comparative analysis between six organs of the male reproductive/lower-urinary tract including seminal vesicle and penis ( Supplementary Fig. 2B ).
Further studies showed that the exceptionally low abundance of cGMP signaling proteins in prostate represents a pathway-specific phenomenon, because levels of unrelated signaling proteins such as glycogen synthase kinase-3 a and b (GSK3A and GSK3B; Fig. 1B ) or phosphatase and tensin homolog (PTEN; data not shown) were not reduced in a prostate-selective manner. Densitometric analyses (Fig. 1C) served to indicate the relative expression of the cGMP pathway proteins among bladder, prostate, and epididymis.
Aging does not affect cGMP-generating enzymes
To examine whether aging leads to changes in cGMPgenerating proteins, we compared the expression levels of GC-A, GC-B, and sGC among organs from young adult (y, 3 months) and old (o, 23-24 months) Wistar rats. These studies, performed with tissues from at least ten animals each, did not show any aging-associated alterations in bladder, prostate, and epididymis. Figure 2A provides a representative analysis, carried out with membrane and cytosolic (sGC) protein fractions from two rats of each age group.
To assess the functional activity of the two NP receptors, membranes from bladder and epididymis were exposed to ANP (the GC-A ligand) or CNP (the GC-B ligand), and the amounts of cGMP produced after 12 min were determined. The results (Fig. 2B ) revealed the absence of age-related effects on GC-A and GC-B activity in the two organs examined. They also provided evidence that membrane-associated cGMP production in the epididymis is predominantly realized by CNP/GC-B rather than ANP/GC-A signaling. The peptide specificity and time dependency of cGMP production by epididymis membranes is demonstrated ( Supplementary  Fig. 3 , see section on supplementary data given at the end of this article). Analogous experiments performed with prostate membranes (data not shown) revealed much lower basal cGMP (!3 pmol cGMP/mg membrane protein) levels, and both ANP and CNP were unable to significantly enhance the production of cGMP.
Age-related decline in PDE5 abundance in bladder
To look for potential age-dependent changes of other proteins involved in cGMP signaling, comparative immunoblot analyses were carried out for NOS3, PDE5, and PRKG1. These studies revealed that the cytosol of aged bladders contains markedly reduced amounts of PDE5 ( Fig. 3A ; cytosolic fractions from five animals per age group were analyzed). As generally used in all immunoblot analyses (see section Materials and Methods and Supplementary Fig. 4 , see section on supplementary data given at the end of this article), equal protein loading was confirmed by Ponceau staining of the blot prior to antibody exposure. Co-analysis of different protein amounts (three lanes to the right) from one cytosolic extract of a young animal proved i) that the anti-PDE5 antibody properly recognized differences in the level of its target protein and ii) that Ponceau staining provides a reliable loading control. Further analyses of pooled cytosolic fractions (1 and 2; from five animals each) verified the aging-associated decrease in PDE5 expression (Fig. 3B) . Examinations of PRKG1 and sGC, performed consecutively on the PDE5 antibody-exposed blot, corroborated a PDE5-specific downregulation. Analogous assays, carried out with pooled membrane fractions, also showed age-dependent decreases in PDE5 (but not PRKG1 and sGC) levels ( Fig. 3C ). Supporting PDE5-specific effects, NOS3 concentrations were not different between young and old ( Fig. 3D ). Densitometric quantifications (Fig. 3E ) revealed a highly significant (P!0.0001) diminishment (by w45%) of cytosolic PDE5 protein levels in the rat urinary bladder with aging.
Specific decreases in membrane-associated PRKG1 levels in the aged epididymis
We did not find any differences in sGC or PDE5 levels between young and old in the epididymis (data not shown). However, comparative analyses consistently demonstrated lower levels of PRKG1 in epididymis membrane fractions from old compared with young animals ( Fig. 4A ; a and b represent examinations of different animals; c shows the protein staining of b). The same blot (b) was used, after stripping, for analyses of GC-B and sGC expression. Neither the levels of the transmembrane protein GC-B nor those of the membrane-associated sGC were different between young and old (d and e). Importantly, age-dependent decreases in PRKG1 were not evident when cytosolic fractions from the same animals were examined (Fig. 4B) . Also, PDE5 levels remained unaffected by aging (Fig. 4B ). Thus, these findings revealed a highly significant (*P!0.0001) and specific diminution (by nearly 50%) of membranelocalized PRKG1 in the aged epididymis (Fig. 4C) . Supplementary Fig. 4 , see section on supplementary data given at the end of this article.
Age-related increase in PRKG1 expression levels in the prostate
Analogous assays, performed with elevated (R100 mg) protein amounts, served to examine potential agingassociated changes in the prostate. These studies revealed that PRKG1 levels are markedly higher in cytosolic protein fractions from old compared with young animals (Fig. 5A ). As evidenced, using the same blots for examination of PDE5, expression levels of the cGMP-specific PDE were not found to be affected by aging (Fig. 5A ). Certain age-related increases in PRKG1 were also detectable in prostate membranes (Fig. 5B ).
Quantitative evaluations provided evidence for a highly significant (P!0.0001) increase (1.7-fold) in PRKG1 levels in the aged prostate (Fig. 5C ).
Elucidation of a prostate-specific androgen regulation
Considering the pronounced androgen dependency of prostate tissue (Love et al. 2009) , it was of interest to investigate the expression of cGMP pathway proteins in this tissue under conditions of androgen ablation.
To address this item, we made use of an animal model in which a single injection of EDS into mature rats transiently and specifically eliminates the testosteroneproducing Leydig cell population (Molenaar et al. 1985) .
As detectable by analyses of the Leydig cell marker protein CYP11A1 (Cyt P450scc) in testis extracts (Fig. 6A ), Leydig cells are destructed between days 2 and 14 after EDS injection and re-appear some days later (Davidoff et al. 2004) . Corresponding immunoblots performed with cytosolic proteins of the prostates revealed a striking upregulation of PRKG1 at days 7 or old (o; 3 and 4) animals, were homogenized, and cytosolic protein fractions were prepared by parallel operations (lanes 5-8 represent proteins from an independent replication with tissues from other animals). Equal amounts (100 mg) of proteins were analyzed via western blotting, and the same blots were used to visualize consecutively PDE5 immunoreactivity. (B) Immunoblot analyses with prostate membranes from five young (y) and old (o) animals indicate age-related increases in membrane-associated (M) PRKG1.
(C) Densitometric quantification of cytosolic PRKG1 levels (nZ8 rats per age group) reveals significant (*P!0.0001) increases with aging (values are meanGS.E.M.). In all experiments (A-C), equal protein loading was confirmed by Ponceau staining as demonstrated exemplarily in Supplementary Fig. 4 , see section on supplementary data given at the end of this article. and 14 after EDS (Fig. 6A) . The onset of PRKG1 upregulation was delayed in comparison to the disappearance of CYP11A1 (see days 2 and 3), and the effect was rapidly and completely abrogated after Leydig cell regeneration (day 20). Analyses of further animals, covering days 1-47 after EDS, confirmed the massive and temporary elevation of PRKG1 expression in the prostate (Fig. 6B) . To evaluate the specificity of this effect, analogous immunoblot experiments were performed with antibodies against GSK3A/B (Fig. 6B) and AKT (not shown), representing signaling components of other pathways. In contrast to PRKG1, the levels of these kinases were less affected by EDS treatment and showed decreased rather than increased protein concentrations at day 14 after EDS injection. Interestingly, we identified distinct structural changes in the case of both GSK3 (see the replacement of the band representing GSK3B by a higher molecular weight form) and AKT (not shown) in prostate tissue 14 days after EDS administration.
We then examined whether PRKG1 expression is altered under conditions of Leydig cell depletion also in other androgen-dependent tissues. These studies revealed (Fig. 6B, lower part) that PRKG1 levels do not change in response to androgen withdrawal in penis and epididymis. The absence of treatment effects was evident in both cytosolic and membrane fractions of the epididymis. Thus, these experiments demonstrated a massive and prostate-specific upregulation of PRKG1 in vivo when testosterone supply by Leydig cells is abrogated.
Remarkably, other elements (sGC, NOS3, and PDE5) of cGMP signaling pathways also respond to Leydig cell depletion in the prostate with increased expression levels (Fig. 6C) . The extent of elevation of these proteins (ranging from 3.5-to 6.5-fold increases at day 14 after EDS), however, was markedly and significantly lower than that of PRKG1 (12.6-fold).
Discussion
Organ-specific characteristics of cGMP signaling
The bladder was characterized by highest expression levels of sGC, NOS3, PDE5, and PRKG1, indicating pivotal local signaling roles for NO/cGMP/cGK pathways. The extraordinary abundance of PDE5 protein (bladder, prostate, epididymis, and testis) among rat reproductive/lower-urinary tract organs correlates with previously published Pde5 gene expression data (Filippi et al. 2007 ) and marks the bladder as a favorable target for PDE5 inhibitor-based therapeutic interventions. Compared with lung, where high PDE5 provided a molecular basis for treatment of pulmonary hypertension (Corbin et al. 2005) , cytosolic PDE5 abundance is similar and membrane concentrations are even higher in the bladder. Immunohistochemical data localized PDE5 to the bladder smooth muscle (Fibbi et al. 2010) , and both NO donors and PDE5 inhibitors were found to reduce the muscle tonus in experiments with rat and human bladder tissues (Sandner et al. 2009 ), although cAMPmediated pathways appear to play a predominant role for direct detrusor muscle relaxation (Andersson & Arner 2004) . Tension release during the bladder filling phase is crucial and requires robust mechanisms to generate smooth muscle relaxation. This kind of relaxation requirement is a specific feature of the bladder and (B) Immunoblot analyses of different kinases in prostate, penis, and epididymis tissue derived from rats at different days after EDS injection. Assays were performed with cytosolic protein fractions. Both cytosolic (C) and membrane (M) proteins were analyzed in the case of epididymis. (C) Equal amounts of cytosolic (PRKG1, sGC, and PDE5) or membrane (NOS3) proteins from prostates of EDS-treated rats were analyzed by immunoblotting. The lower panel shows a densitometric quantification based on four experiments. Increases at day 14 after EDS were calculated in relation to the scores assessed for day 1. The increase in PRKG1 was significantly (*P!0.003) higher than that in sGC. In A-C, equal protein loading was controlled by Ponceau staining of the blots. may explain basically the exceptional abundance of NOS3, sGC, PDE5, and PRKG1 in this organ. In functional support, PRKG1-deficient mice showed bladder hyperactivity with reduced bladder capacity and micturition volumes (Persson et al. 2000) . There is increasing evidence that NO-cGMP signaling also controls sensory pathways of the micturition reflex (Caremel et al. 2010) and is active in interstitial cells to modulate phasic contractile activity (Lagou et al. 2006) . Our findings demonstrating predominant expression levels and agonist-induced activity of GC-A (compared with GC-B) suggest additional local roles mainly for ANP-cGMP signaling. In support and indicating possible sites of physiological activity, ANP (but not CNP)-responsive cells have been identified by cGMP immunostaining in suburothelial cells of guinea pig bladders (de Vente et al. 2007) .
The expression of all cGMP pathway proteins examined was extremely low in the prostate, uncovering a marked attribute of this organ. Indicating not only a tissue-specific but also a signaling route-specific phenomenon, crucial components of other signaling pathways (e.g. GSK3A/B) did not show a reduced expression in this tissue. Our findings are in apparent disagreement with previous data showing high abundance of PDE5 mRNA in the human prostate (Morelli et al. 2004 ) and question the view that androgendependent upregulation leads to generally enhanced PDE5 expression in organs of the male genital tract (Morelli et al. 2004) . Compatible with our results, however, a recent characterization of PDE5 mRNA distribution in human male lower-urinary tract tissues also revealed lowest abundance in the prostate gland (Fibbi et al. 2010) . Thus, the weak expression of PDE5 (and probably the other cGMP signaling proteins) in the prostate may not represent a rat-specific phenomenon. The physiological meaning of a minimized predisposition of cGMP pathway proteins in this tissue remains an exciting item.
Although there is evidence for cGMP-mediated relaxing activity in prostate smooth muscle (Kedia et al. 2008) , recent findings focused the attention to local roles in the control of cellular proliferation and differentiation (Sandner et al. 2009 , Zenzmaier et al. 2010 . Pharmacological inhibition of PDE5 reduced the proliferation of primary prostate stromal cells and attenuated fibroblast-to-myofibroblast trans-differentiation, in common, suggesting therapeutic potential for prevention and treatment of benign prostatic hyperplasia (Zenzmaier et al. 2010) . Interestingly, these data, indicating pronounced cellular activity under conditions of low PDE5 (and other cGMP pathway proteins), resemble findings in heart tissue. Chronic PDE5 inhibition prevents cardiac hypertrophy (Takimoto et al. 2005a ) despite a poor local Pde5 gene expression, which is 100-fold lower than in lung (Takimoto et al. 2005b) . Likewise, ANP-cGMP signaling inhibits cardiac hypertrophy (Bubikat et al. 2005) , although the ANP receptor, GC-A, is of unusually low abundance in the heart (D Mü ller, unpublished results). Thus, exiguous expression of PDE5 and cGMP-generating proteins does not preclude crucial growth-regulating effects and their intensification by PDE5 inhibition.
This study shows that the epididymis is distinguished by pronounced expression of membrane GCs (in particular GC-B), although sGC and NOS3 are less abundant than in the bladder. The findings are consistent with and support previously reported roles for NPs in the regulation of spontaneous contractility in smooth muscle cells lining the epididymal duct (Mewe et al. 2006 ). An apparent predominance of GC-B versus GC-A was confirmed by membrane GC assays, where CNP elicited threefold higher amounts of cGMP than ANP. The data probably explain at a molecular level the higher efficacy of CNP (compared with ANP) in reducing the frequency of spontaneous phasic contractions and affecting the muscle tone in bovine epididymal ducts (Mewe et al. 2006) . In addition to these activities operating in the control of sperm movement, recent findings elucidated a pivotal role for cGMP signaling in the epididymal epithelium, serving to regulate proton secretion into the lumen (Shum et al. 2008) . The resulting luminal acidification is important for proper sperm maturation. Considering the well-established expression of membrane GC in epithelial (e.g. kidney and intestine) and endothelial cells and their impact for ion transport and permeability (Kuhn 2009 , Sabbatini 2009 ), roles for GC-A and/or GC-B in modulating the luminal milieu along the epididymal duct are well conceivable. In apparent support and raising particular future attention to GC-B, CNP is strongly produced by epithelial cells of the epididymis (Nielsen et al. 2008) . Of separate significance, our findings demonstrating an exceptionally poor expression of PDE5 in the epididymis, which is even lower than in the prostate, strongly suggest that cGMP-specific PDEs other than PDE5 play a predominant role for controlling cGMP signals in this organ.
Age-related effects
The pronounced age-related decrease of PDE5 in the bladder represents a potentially significant novel finding. Interestingly, bladder strips from castrated rats are more sensitive to NO-induced relaxation and less responsive to PDE5 inhibitors, suggesting that androgen deprivation evokes downregulation of PDE5 activity (Filippi et al. 2007) . Thus, the age-dependent reduction of bladder PDE5 expression may be a direct local consequence of declined testosterone production by aged Leydig cells (Midzak et al. 2009 ). As reported previously (Paust et al. 2002) , the old (23-24 months) Wistar rats had about threefold lower (0.76G0.42 ng/ml; nZ67) serum testosterone concentrations than their young (3 months) counterparts (2.49G1.68 ng/ml; nZ56). Since we did not find age-related decreases in bladder cGMP-generating proteins, lowered PDE5 abundance might affect the intensity and duration of local cGMP accumulations. Considering the relevance for regulation of muscle contractility and bladder sensations, impaired (i.e. enhanced) cGMP signaling activity could be implicated in the development of age-related bladder dysfunctions (Zhao et al. 2010) . However, in contrast to GC-A, in which age-related changes in enzymatic activity were ruled out, cGMP-mediated activation of PDE5 and desensitization of sGC (Halvey et al. 2009 ) might compensate the reduced local PDE5 abundance. Therefore, our present findings provoke future studies, where the efficacy of PDE5 inhibition on bladder functions is examined in an age-and androgen statusdependent context.
The identification of increased PRKG1 and unchanged PDE5 levels in the aged prostate shows that cGMP pathway proteins are affected by aging in an organspecific manner. The (patho)physiological consequences of elevated PRKG1 abundance in this tissue remain to be elucidated, but disturbance of proper regulation of proliferation/differentiation processes are conceivable. PRKG1 was localized to stromal areas of the transition zone (Kedia et al. 2008 ) but is not immunohistochemically detectable in epithelial cells (D Mü ller, A K Mukhopadhyay, M S Davidoff & R Middendorff, unpublished results). Thus, PRKG1 is expressed in those areas where androgens are thought to regulate prostate stem cell homeostasis and to maintain a growthquiescent adult prostate gland (Love et al. 2009 ). As advanced age is the most important risk factor for the development of benign prostatic hyperplasia and prostate cancer (Sampson et al. 2007 ), the identified agerelated increase in PRKG1 may have pathophysiological significance.
Finally, our findings of aging-dependent decreases in membrane-localized but not cytosolic PRKG1 provide evidence for specifically reduced membrane-associated PRKG1 activities in the aged epididymis. Possible functional consequences include attenuated phosphorylation of cGMP-regulated membrane proteins such as ion channels. Based on the role of cGMP signaling for sperm movement, maturation, and modulation of the epididymal duct fluid, the data raise the possibility that molecular changes localized to the epididymis (Syntin & Robaire 2001) contribute to the aging-associated diminution of semen volume and sperm motility in healthy men (Eskenazi et al. 2003) .
Androgen-dependent effects
The temporary elimination of Leydig cells in rats by EDS treatment represents a valuable in vivo model to assess androgen-dependent effects (Molenaar et al. 1985) . We have previously used this model to identify vascular stem/progenitor cells as origin of the new Leydig cell population that emerges about 3 weeks after the EDSinduced cell elimination (Davidoff et al. 2004 (Davidoff et al. , 2009 . In this study, we used the EDS model to examine the expression of cGMP pathway proteins in the prostate under conditions of androgen withdrawal and re-appearance.
The elucidated massive upregulation of PRKG1 in response to Leydig cell depletion and its complete repression by subsequent endogenous testosterone supplementation identifies PRKG1 as an androgenregulated protein. Importantly, this regulation takes place in prostate but not in other (epididymis and penis) androgen-dependent tissues examined, indicating prostate-specific activity. Recent investigations, using a human prostate xenograft model to characterize a collection of androgen-related genes, revealed up to fivefold gene expression changes in response to either androgen withdrawal or supplementation in mice with the unique exception of a 14-fold change in the case of prostate-specific antigen (Love et al. 2009) . In this regard, the 12.6-fold change observed for PRKG1 in our study indicates an exceptionally efficacious regulation and marks PRKG1 as a potential key androgenresponsive signaling element in the prostate. Elevated expression (ranging from 3.5-to 6.5-fold increases) in response to Leydig cell depletion was also observed for sGC, NOS3, and PDE5. The latter data corroborate that PDE5 is not, unlike previously hypothesized (Morelli et al. 2004) , generally upregulated by androgens in organs of the male genital tract. More importantly, these findings suggest that suppression of PRKG1 (and other cGMP pathway proteins) represents a mechanism that contributes to an androgen-controlled balance between proliferation, differentiation, and apoptosis in the adult prostate (Sampson et al. 2007) . As observed by investigations addressing the molecular mechanisms implicated in vascular remodeling, PRKG1 appears to induce predominantly growth-promoting rather than antiproliferative effects (Alderton et al. 2001) . Interestingly, recent findings demonstrated that PRKG1 activity is also not involved in the inhibition of cardiac hypertrophy (Lukowski et al. 2010) . Thus, age-related diminution of androgen levels may be causative for the observed increase in prostatic PRKG1 expression and in turn favor cellular proliferation processes. In this regard, it will be of particular interest to compare PRKG1 abundance between normal and hyperplastic prostate tissue and to examine cellular PRKG1 expression in androgen-sensitive and androgen-refractory prostate cancer.
In conclusion, the local abundance of cGMP pathway proteins in male genitourinary tract organs shows remarkable tissue-specific characteristics. Distinct agerelated changes, identified in bladder, prostate, and epididymis, and a striking androgen-dependent regulation in the prostate suggest potential significance for the development of aging-associated malfunctions.
If the data obtained in rat similarly apply to human tissue, the present findings may provide valuable information for therapeutic interventions with PDE5 inhibitors and/or other agents affecting cGMP signaling pathways.
Materials and Methods
Animals and tissues
Male Wistar rats (Charles River Laboratories, Sulzbach, Germany) of two age groups (youngZ3 months and oldZ 23-24 months) were dissected after decapitation. Tissues (prostate tissue contained ventral, dorsal, and lateral lobes) were frozen in liquid nitrogen and stored at K80 8C. As specified before (Davidoff et al. 2004 ), 3-month-old Wistar rats were used to induce Leydig cell depletion by single i.p. injections of EDS (75 mg/kg body weight). The rats were killed 1-47 days after injection, and tissues were handled as described above. All animals were used according to government principles regarding the care and use of animals with permission (G8151/591-00.33) of the local regulatory authority.
Protein preparations
Frozen tissues were pulverized with addition of liquid nitrogen in a mortar, suspended in 10 ml/g tissue of ice-cold homogenization buffer (Mü ller et al. 2002) and homogenized by 15-20 strokes in a Potter-Elvehjem homogenizer. After centrifugation at 3000 g at 4 8C for 8 min to remove debris and nuclei, the supernatant fractions were re-centrifuged at 4 8C for 30 min at 100 000 g. Supernatants were collected and used as cytosolic protein fractions. The pellets were re-suspended in suitable volumes of 50 mM Tris-HCl (pH 7.5) to attain membrane protein concentrations of 2-6 mg/ml. Proteins were stored at K80 8C, and concentrations were determined using a kit from Bio-Rad with BSA as standard.
Immunoblotting
After boiling for 3 min in SDS-PAGE sample buffer (Mü ller et al. 2002) , proteins were resolved by SDS-PAGE under reducing conditions and transferred to nitrocellulose membranes (Mü ller et al. 2004) . Blots were stained with Ponceau S (Sigma), and positions of co-migrated reference proteins (SDS-6H, Sigma) were marked using a black ball-pen. Prior to de-staining in H 2 O, records of the images were derived by scanning and served to control protein loading. Blots were pre-treated with blocking solution as described before (Mü ller et al. 2004 (Mü ller et al. , 2010a . Polyclonal antibodies against GC-A (PGCA-101AP, FabGennix, Frisco, TX, USA), GC-B (PGCB-201AP, FabGennix), sGCb1 (CM160897, IBL, Hamburg, Germany), PDE5 (#4072; Cell Signaling, Beverly, MA, USA), PRKG1 (PK1018; Calbiochem, Nottingham, UK), GSK3A/B (KAM-ST002E; Stressgen, Victoria, Canada), PTEN (#07-1372; Millipore, Schwalbach, Germany), AKT (#07-1643, Millipore), CYP11A1 (AB1244; Chemicon, Temecula, CA, USA), or MABs against NOS3 (N30020; Transduction, San Jose, CA, USA) were used. Goat anti-rabbit or anti-mouse IgG 
Quantitative immunoblot analyses and densitometric measurements
For quantitative evaluations (up to 13), protein samples were applied in equal volumes (ranging from 30 to 70 ml) to the same gel. After SDS-PAGE and blotting, loading of equal protein amounts was controlled by Ponceau staining (see Supplementary Fig. 4 ). This approach was found to provide several advantages over the frequently used immunodetection of proteins such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or actin as loading control. Relevant points: 1) inspection of the protein staining easily detects (prior to antibody exposures) lanes where anomalous protein amounts have been loaded. Such blots were not used for quantitative evaluations, and protein concentrations of the samples in question were re-determined. 2) As all tissues/organs provide a specific pattern of abundantly expressed proteins, assessment of protein staining proves that extracts of the same organs have been loaded. More importantly, it allows controlling the homogeneity of tissue dissection. By this, we were able to identify (and discard) single samples, containing apparently significant amounts of unrelated (surrounding) tissue. 3) Protein staining (but not GAPDH detection) controls the proper transfer of proteins to the membrane on the whole blot. 4) GAPDH mRNA expression varies up to 15-fold among different tissue types (Barber et al. 2005) . Thus, using GAPDH levels for normalization across different tissues (as was required in the case of Fig. 1C ) may generate misleading results. 5) It facilitates electrophoretic separation under conditions (e.g. acrylamide concentrations and running times), which are most appropriate for band resolution of the target protein (an important issue for subsequent densitometric evaluations). Under such conditions, small proteins like GAPDH (36 kDa) have frequently migrated out of the gel, preventing their usage as loading control.
To obtain suitable band intensities, different antibody dilutions and/or loaded protein amounts were tested. To prove that primary antibodies properly recognized differences in the level of their target proteins, various defined protein amounts of the same sample were analyzed (see Fig. 3A , which also demonstrates the reliability of Ponceau staining as loading control). After incubation of blots with chemiluminescent reagent, images with varying band intensities were derived by successive exposure to X-ray films for different time periods. One final exposition overnight served to control that the chemiluminescent reagent was spread evenly over the membrane. Films appropriate for densitometry were scanned (Epson Perfection V 700 Photo; Meerbusch, Germany) using the settings standard mode, photo, and grayscale at a resolution of 300 dpi. Images were saved as TIFF files. These were imported for densitometric quantifications using ImageJ 1.42 software (open source; NIH, Bethesda, MD, USA). Bands were selected as demonstrated in Supplementary Fig. 4 and peak areas were analyzed. To combine data sets from cGMP in bladder, prostate, and epididymis different immunoblots, densitometry scores were normalized. Finally, all values were reduced proportionally to attain single-digit units.
Membrane GC assays
The procedure of membrane GC assays has been reported (Mü ller et al. 2004) . In brief, membranes (10 mg protein) were incubated in either the absence or the presence of NPs for 12 min at 37 8C. The amounts of cGMP generated were measured by ELISA as described (Mü ller et al. 2004 ).
Data analysis
Data were graphed and analyzed using Prism 3.02 (GraphPad Software, Inc., San Diego, CA, USA). The significance of effects was assessed using Student's t-test.
Supplementary data
This is linked to the online version of the paper at http://dx.doi. org/10.1530/REP-10-0517.
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